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(57) Abstract 



A computerized gauge (10) for measuring di- 
mensions and temperatures of workpieces such as the 
diameter and temperature of a steel railroad car axle. 
It indicates the in-tolerance/out-of-tolerance condition 
of each measurement as well as the quantitative mea- 
surement value. Considering the predetermined coeffi- 
cient of expansion of the„workpiece (100), the gauge 
(10) calculates the dimension that the workpiece (100) 
would exhibit should it be thermally brought to a 
predetermined 59° F by convention, reference tempera- 
ture. From the workpiece-temperature-compensated di- 
mension resulting from such calculation, and from 
manually preset dimensional tolerance ranges, the axle 
(100) is indicated to be (i) oversized but repairable, (ii) 
within an acceptable size range, (iii) undesized but re- 
pairable, or (iv) undersized and unrepairable. The 
gauge (10) may further sense its own temperature and, 
in consideration of another predetermined coefficient 
of expansion as besuits the gauge, calculate a gauge- 
and workpiece-temperature-compensated dimension. 




—20 



FOR THE PURPOSES OF INFORMA TION ONLY 

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


FI 


Finland 


ML 


Mali 


AU 


Australia 


FR 


France 


MR 


Mauritania 


BB 


Barbados 


GA 


Gabon 


MW 


Malawi 


BE 


Belgium 


GB 


United Kingdom 


NL 


Netherlands 


BF 


Burkina Fasso 


HU 


Hungary 


NO 


Norway 


BG 


Bulgaria 


IT 


Italy 


RO 


Romania 


BJ 


Benin 


JP 


Japan 


SD 


Sudan 


BR 


Brazil 


KP 


Democratic People's Republic 


SE 


Sweden 


CF 


Central African Republic 




of Korea 


SN 


Senegal 


CG 


Congo 


KR 


Republic of Korea 


SU 


Soviet Union 


CH 


Switzerland 


LI 


Liechtenstein 


TD 


Chad 


CM 


Cameroon 


LK 


Sri Lanka 


TG 


Togo 


DC 


Germany. Federal Republic of 


LU 


Luxembourg 


US 


United States of America 


OK 


Denmark 


MC 


Monaco 






ES 


Spain 


MG 


Madagascar 







WO 90/00246 PCT/US89/02639 



- 1 - 



TEMPERATURE-COMPENSATED QUANTITATIVE DIMENSIONAL 
MEASUREMENT DEVICE WITH PROGRAMMABLE 
5 IN-TOLERANCE/OUT-OF-TOLERANCE INDICATIONS 



BACKGROUND OF THE INVENTION 

10 

1. Field of the Invention 

The present invention concerns the dimensional 
measurement of worlcpieces that undergo variations in 
dimension with changes in temperature. The workpieces 
15 are measured by gauges that themselves undergo varia- 
tions in dimension with changes in temperature- The 
present invention more particularly concerns measure- 
ment systems that compensate for the temperature- 
induced dimensional variation of workpieces, and/or the 
20 temperature-induced dimensional variation of gauges, in 
measuring the dimensions of workpieces with gauges. 
The present invention further concerns the 
indication of the in-tolerance/out-of-tolerance 
condition of a measurement made on a workpiece by a 
25 quantitative dimensional measurement gauge. The 

present invention more particularly concerns variably 
presetting any of (i) a reference dimension, (ii) a 
tolerance range by independent preset of upper and 
lower tolerance limits, and (iii) other variables prior 
30 to qualifying the quantitative dimensional measurement 

of a workpiece to be within or without tolerance 
limits. 



WO 90/00246 



PCT/US89/02639 



- 2 - 



10 



Backgrou nd of the Invention 
2,1 The Effect of Temperature on Qimensinnal 

Measurement 

It is known that certain materials, 
particularly metals, expand and contract with 
temperature. This expansion or contraction is normally 
expressed as a coefficient of expansion. Such a 
coefficient of expansion is expressed in terms of 
dimension per unit dimension per degree temperature. 
For example, a coefficient of expansion on the order of 
.000007 inches per inch per degree Fahrenheit is 
typical for certain ferrous metals. 

Dimensional changes with temperature obviously 
mean that a metal workpiece does not measure the same 
15 dimensions at different temperatures . This makes it 
imprecise to determine the true, temperature- 
normalized, dimensions of the workpiece unless the 
workpiece is brought to a standard, reference, 
temperature. This standard, reference, temperature at 
which workpieces are measured is often 59 -p by 
convention, and is sometimes and for some purposes 
established at other particular temperatures. 

It is not always convenient to measure the 
dimensions of a workpiece while it is at the 
25 predetermined reference. The workpiece may be either 

hotter or colder than the reference temperature and may 
correspondingly exhibit expanded or contracted (or vice 
versa) dimensional measurements. If the accuracy of 
quantitative dimensional measurement, or the accuracy 
of qualifying a workpiece to some dimensional standard, 
is critical, then it is either necessary (i) to bring ' 
the workpiece to the predetermined, reference 
temperature at which the measurements may be performed, 
(ii) to compensate for the effect of the difference 
between the actual workpiece temperature and the 
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reference temperature on the dimension (s) of the 
workpiece or (iii) to have a pre-determined dimensional 
reference "standard" that is both at the temperature of 
the part to be measured and that is also of the same 
5 material, and to measure the difference between the 
"standard" and the part. 

If the workpiece has considerable thermal mass, 
and/or it is not readily subject to be adjusted in 
temperature, and/or a standard of identical material is 
10 not available, then it may be more efficient, or even 
mandated,, that the workpiece should be measured at its 
existing temperature. That dimension which the 
workpiece would exhibit should it be brought to a 
predetermined, reference, temperature may then be 
15 calculated. This calculation requires knowledge of (i) 
the measured dimension, (ii) the workpiece actual 
temperature, and (iii) the thermal coefficient of 
expansion for the material of the workpiece. 
2 ' 2 Previous Tempera ture-Compensated Dimensional 

20 Measurement Systems 

One previous example of a temperature- 
compensated dimensional measuring system is shown in 
U.S. Patent No. 3,594,909 for an APPARATUS FOR 
MEASURING A DIMENSION OF A MEMBER to Schultz. The 
25 workpiece being measured is, for example, a wide-flange 
beam being formed in a rolling mill. The flange is 
measured while it is still near its rolling temperature 
of approximately six hundred degrees Fahrenheit 
(600'F). The temperature-compensated dimensional 
30 measuring system taught within the Schultz patent 

obviates the need for permitting a sample piece of the 
beam to cool to room ambient temperature before its 
dimensions and/or symmetry may be checked for 
unacceptable deviations from normal. In the apparatus 
35 of Schultz, the temperature measurement means is a 



WO 90/00246 



PCT/US89/02639 



- 4 - 



15 



thermocouple probe. The probe contacts a workpiece 
that is elevated in temperature. A computer receives 
the signals from this probe and calculates the 
temperature-adjusted workpiece measurements. These 
5 • measurements are, however, displayed only somewhat 

inexactly as a trace registered upon a strip recorder. • 
Manual monitoring of the traces being recorded upon the 
strip recorder allows recognition of the conformity or 
nonconformity of the workpiece (typically a hot rolled 
1XK I-beam) to symmetry and dimensional standards. 

The previous temperature compensation of 
Schultz is primarily directed to producing and 
displaying an output signal representative of dimension 
upon a strip recorder when this output signal will be 
within a predefined range, and when the resulting trace 
will be Observable for acceptable or unacceptable 
deviations within this range, regardless of variations 
in temperature of the workpiece for which dimension is 
being sensed. Schultz is concerned with checking I- 
beams for conformance with design standards; i.e., so 
that each I-beam will carry its design load and will 
mate with other I-beams of the same specification. 
Schultz is not concerned with dimensional measurement 
supporting the precision fitting of parts, as is the 
25 present invention. 

Schultz is not concerned with precise 
quantitative dimensional measurement of a workpiece 
while the workpiece is at a displacement temperature 
from a predetermined, reference, temperature. Schultz 
30 is not concerned that a measured dimension may be 

converted to that temperature-normalized dimension 
which a workpiece would exhibit should it be brought to 
the reference temperature. The "compensation" of 
Schultz is basically an "accounting" for rather large 
dimensional deviations of a steel beam workpiece when 
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it is still near its rolling temperature of about 
1600'F. 

Another previous example of a temperature- 
compensated dimensional measuring system is shown in 
U.S. Patent Serial No. 4,141,149 for a PORTABLE 

COMPARATOR GAGE FOR MEASURING THE RELATIVE DEVIATION IN 
THE DIAMETER OF CYLINDERS to George, et al. A portable 
comparator gauge measuring the relative deviation in 
the diameter of a cylindrical workpiece from the 
diameter of a reference standard compensates for 
inaccuracies in its measurement that are resultant from 
variations in the temperature of the cylinder and the 
gauge from a nominal temperature. The comparator gauge 
of George, et al. has no intrinsic knowledge of the 
15 nominal, or reference, temperature of measurement, it 
must be calibrated to a standard, or reference, 
cylinder that is supposed to be at the reference 
temperature. When, and only when, the comparator gauge 
of George, et al. is so calibrated to a standard 
cylinder that is at a reference temperature can the 
gauge later make an accurate, temperature-compensated, 
comparative measurement of a workpiece cylinder. 

Alas, it is no easier to keep a standard, or 
reference, cylinder or gauge block at a precisely 
predetermined reference temperature than it is to 
maintain a workpiece at this temperature, a standard 
cylinder or gauge block is commonly taken onto the 
factory floor, and is subject to assume temperatures 
that are both (i) widely deviant from a reference 
30 temperature, and (ii) time varying, it is desired to 
make frequent calibration to the standard cylinder or 
gauge block, regardless of its instantaneous 
temperature. The gauge of George, et al. cannot be 
calibrated to a standard cylinder that is at other than 
35 the reference temperature. The quantitative 
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dimensional measurement device in accordance with the 
present invention will be seen to avoid this 
limitation. 

The present invention is concerned with precise 
5 quantitative compensation of accurate (typically + .001 
inches) dimensional measurements of a workpiece when 
the temperature of the workpiece over a wide range 
(typically 70T + 50T) is accurately known (typically 
within ± it) . The reason that the present invention 
10i i s so concerned is not simply to garner measurement 

numbers. The present invention is directed to better 
enable a part "A" to mesh or fit into part "B" . This 
simple concept is important. If at 59 "F a hole "A" is 
2.0000 ± .0001 inches in diameter, and if at the same 
15 59 T a shaft "B" of the same material is 1.9 990 ± .0001 
inches in diameter, then the shaft will (and not just 
"should") fit within, and always fit within, the hole. 
It is of great benefit to know that things will mesh or 
fit together, and to know how well things will mesh or 
20 fit together, as hereinafter explained. 

2,3 The Requirement fo r Temperature-Compensated 

Dimens ional Measurement: 
The need for temperature-compensated 
quantitative dimensional measurement is greater than is 
commonly .recognized. Commonly available measurement 
reference standards, typically ground steel, are 
accurate to + .00001 inch. The dimensions of some 
workpieces, such as the journals of railroad axles 
hereinafter discussed, are augmented by process of 
plating to accuracies of + .00005 inches. These same 
journals are diminished by process of machining to 
accuracies of ± .0001 inch. (The journals may of 
course be machined undersize and plated back to a 
desired dimension.) 
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This degree of dimensional accuracy is common. 
Yet these accuracies are completely overwhelmed by any 
difference in workpiece temperature, and/or the 
temperature of the frame of the measuring tool that 
measures the workpiece, from a reference temperature. 
As mentioned, steel has a coefficient of expansion on 
the order of .0000068 inches per inch per degree 
Fahrenheit. Consequently, for workpiece larger than 1 
inch an uncompensated temperature variation of 10 8 F or 
more can be the single greatest source of measurement 
inaccuracy. 

Uncompensated dimensional variation due to 
temperature variation has been, in the opinion of the 
inventor, a prime driver in the setting of dimensional 
15 standards to which larger mechanical parts such as 

journals and bearings are commonly constructed. The 
nominal + .001 inch tolerance to which these parts 
(such as railroad axles, discussed hereinafter) are 
sized is not the tolerance at which reasonably 
20 optimized, let alone best, mechanical wear performance 
is obtained. Mechanical wear of parts at tolerances of 
± .0001 inch is markedly better than at lessor 
tolerances, especially with modern lubricants. For 
example, automobile manufacturer Volvo of Sweden has 
25 gained a reputation for durability of automotive 

mechanical parts which may be due, in part, to the 
little-recognized fact that the parts of this 
manufacturer are reportedly machined to better 
dimensional accuracy than the Society of Automotive 
30 Engineers (SAE) standards followed by the domestic U.S. 
automotive industry. 

If higher dimensional accuracies are 
beneficial, and realizable, then why are these higher 
accuracies not common? Why are the dimensional 
standards of industry so liberal? A primary cause as 
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to why higher dimensional accuracies than current 
standards are not cost effectively realizable is the 
difficulty in cost effective accurate control of 
temperature. Accurate, ± i- F , control of ambient 
temperature is typically difficult and expensive. 
Worse, a tight control of ambient temperature does not 
invariably guarantee tight control of a workpiece 
temperature because the workpiece temperature may be 
affected by heats of machining and other processing. 
Finally, temperature stabilization of workpiece thermal 
masses takes time, and time is equivalent to cost in a 
production environment. 

As well as the sensitivity of dimensional 
measurements of workpieces to temperature changes, it 
should be well understood that the gauges and tools of 
industry are themselves generally suffering much 
greater dimensional variation due to temperature change 
during use than any other single factor to which the 
gauges or tools are commonly subject. That the 
operative heads of drUlin, and milling machines change 
sise with variation in their temperature is obvious. 

SaY"° h tODl f3CeS M ^ -*« o* -nine 

. that cuts veneer from a log are unexpectedly subject to 

undesirable change with temperature, a heat-expanded 

veneer cutter knife must cut a thicker wood veneer 

(else the cold knife would cut the veneer too thin) 

reducing the amount of veneer that can be produced from 

a log. Undesired dimensional variation with 

temperature change thus directly translates into 

reduced production of veneer. The veneer produced also 

exhibit, an undesirable increased variability of 

thickness. This is but one of the more obscure of manv 

examples that generally show that dimensional variation 

due to temperature change is an underecognized cost 

onver both during production and during'life eye e use 
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of the products produced. 

2 - 4 An Example of a Dimensional Measurement Probleiq 
Strongly Affected b v Temperature Variation 
One particular example of a workpiece upon 
5 which it is desired to obtain precise dimensional 

measurements while it is at a temperature differential 
from a predetermined, reference, temperature is the 
axle of a railroad car. The axle of a railroad car, 
typically made of steel, is both large and heavy, it 
10 exhibits a large thermal mass. The axles are normally 
received into an indoors test environment from the out- 
of-doors at temperatures which, in most regions of the 
country during most portions of the year, are 
distinctly neither at room temperature (typically 73 °F) 
nor the reference temperature (nominally 59 °F) . 

The dimensions of the axle must be determined 
at a reference temperature, nominally fifty-nine 
degrees Fahrenheit (59 «F). if the axles have become 
warmer or colder than this reference temperature by 
exposure to the environment, then a delay of many 
hours, or days, would be encountered if the axles were 
to be permitted to thermally stabilize at a 59 'F 
ambient temperature. 

Because of these problems with temperature 
stabilization of railroad car axles, the axles are 
typically not quantitatively measured, but are rather 
only compared to a reference gauge, or "Jo", block. 
The Jo block is of the identical material to the axle 
and is of a known dimension. This dimension is the 
nominal standard for the journal of a railroad car 
axle, a number of axles subject to comparison are 
equalized at the same temperature as the "Jo" block, 
typically at the room temperature of the test 
environment. The temperature equalization is normally 
aided by fans that blow air over both the "Jo" block 
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and the axles for an extended period, typically 
overnight. 

In order to compare the axles a snap gauge 
measurement tool is first zeroed to the "Jo" block. 
The tool is then used to measure a plus (+) or minus 
(-) size differential of an axle. The process . 
continues with repetitive rezeroings and measurements. 
Ultimately the tolerances of the axles relative to the 
"Jo" block are known even if the precise quantitative 
dimensions of the axles are only but imperfectly known. 

The utility of comparing an object to be 
undersize or oversize relative to a reference is not as 
useful as knowing the exact, temperature-normalized, 
dimensions of such object. For example, the diameter 
of an axle of a railroad car is typically desired to be 
quantitatively measured to within ±.ooi inch. This 
accuracy in measurement is necessary to determine 
whether axles are (i) repairable to be within, required 
normal dimensional range, (ii) issuable for use by 
being qualified to be within normal dimensional range 
or (iii, subject to scrappage for being of unrepairable 
dimensions. Typically, a railroad axle larger than 
6.1915 inches in diameter is too large, but repairable. 
An axle diameter between 6.1915 and 6.1905 inches is 
within the acceptable tolerance range. An axle 
diameter between 6.1 885 and 6.1905 inches is slightly 
too small, but normally repairable. An axle diameter 
below 6.1885 inches is unsuitable for repair or 
subsequent use. 

The stringent requirement that the axle of a 
railroad car should exhibit a diameter of 6 .190 plus or 
minus .0005 inches is due to the fact that dimensional 
mismatch between the axle and its bearing can result 
at the high loads to which railroad cars are subject' 
excessive rolling friction, such rolling friction ' 
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results in thermal build-up and possible catastrophic 
failure of the axle and/or axle bearings. In the 
extreme case this can result in derailments. It is 
believed .that as many as 60% of the catastrophic 
5 failures of railroad car bearing axle assemblies may be 
traceable to out of tolerance bearing race or axle 
journal conditions. 

Meanwhile that the relatively large railroad 
car axle must be measured very precisely, each change 
10 in temperature of this axle of twelve degrees 

Fahrenheit (12 T) causes a variation in the shaft 
diameter of approximately .0005 inches, or fully one- 
half of the total .001 inch tolerance range within 
which the axle must be dimensionally qualified! 
15 (Explicitly, 6.190 inches x ,0000068 inches per inch 

per T x 12 e F = .0005051.) 

Without temperature-compensated measurement, it 
is obviously necessary not only that an axle should be 
brought approximately to the predetermined, reference 
20 measurement temperature, but that, indeed, the axle 
should be brought very precisely to this temperature. 
The aforementioned dimensions are those that the 
standard railroad axle must exhibit at precisely fifty 
nine degrees Fahrenheit (59'F). it is hard to make a 
large thermal mass railroad car axle assume, and hold, 
this precise temperature. Accordingly, some axles are 
sent for rework, and some are even rejected, 
incorrectly. Conversely, and more detrimentally, 
certain axles for which the dimensions are improper may 
otherwise be certified for use. 

Accordingly, the precise measurement of large, 
dimensionally thermally sensitive objects such as 
railroad car axles with high quantitative accuracy 
typically requires performing and reperforming the 
35 measurement process. Typically, a railroad car axle is 
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measured several times before a confidence level can be 
developed that the correct measurements have actually 
been registered. This is obviously inefficient. 
Additionally, it is unsound safety practice that the 
measurement process should be so extremely dependent 
upon temperature variation that a difference in the 
temperature of the workpiece of a mere 48 degrees 
Fahrenheit (48 «F) (corresponding to the difference 
between 6.1905 inches and 6.1885 inches) might cause an 
axle that is correctly subject to permanent scrappage 
to instead be issued directly for use without rework! 
An improved device for the quantitative dimensional 
measurements of workpieces that are dimensionally 
sensitive to temperature change is required. 
15 2 ■ 5 A Requirement For i ndication of T hA m- 

Tolerance/Ont-Of-Tol P rance Condition of a 
Measurement. flnd For y 1 ^ lblv Pr- oge ttina The 
TolerannP. of sunh Measurement 
Most times during use of a quantitative 
20 dimensional measurement gauge, with or without 

temperature compensation, the derived measurement 
quantity is of interest not for its absolute magnitude, 
but rather for being within, or without, some 
prescribed tolerance about some prescribed reference 
25 dimension. For example, a gauge is often used to 

measure a number of like workpieces in order to qualify 
each as being dimensionally within, or without, 
tolerance. The results of this determination may 
indicate, for example, that a workpiece is either to be 
reworked or scrapped or is instead issued for use as 
being of an appropriate dimension. 

During the course of qualifying workpieces to 
be within, or without, a dimensional tolerance by 
quantitatively measuring their dimensions, it is useful 
if the measurement gauge automatically determines, and 
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indicates, the in-tolerance or out-of -tolerance 
condition. A gauge that so indicates the results of an 
in-tolerance/out-of-tolerance determination is less 
likely to be misinterpreted, or misread in its 
quantitative indication (if any is provided) . A gauge 
that clearly indicates a go/no-go condition dependent 
upon the workpiece being either in-tolerance or out-of- 
tolerance may be used by a person of lower skill level, 
or by a person of equal skill level to produce 
generally more reliable results, than can a gauge that 
only displays a quantitative dimensional measurement, 
and that requires the user to make the in- 
tolerance/out-of-tolerance determination from this 
displayed measurement. 

An in-tolerance/out-of-tolerance indication by 
a measurement gauge may be as simple as showing a 
specific measurement on a scale having differentiated 
background regions, for example background regions that 
are green where a scale measurement reading is in- 
tolerance, and background regions that are red when a 
measurement reading is out-of-tolerance . The problem 
with such a simplistic tolerance determination, and 
display, is that it does not besuit the generalized, 
multi-purpose, quantitative measurement of diverse ' 
workpieces (although many workpieces of an individual 
type may be measured at one time in series) . it would 
therefore be useful that a measurement gauge intended 
for generalized applications of quantitative 
dimensional measuring tasks might also be flexible in 
the manner by which each of (i, a reference dimension, 
and (ii) dimensional tolerances about this reference 
dimension, could be set and indicated. 
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SUMMARY O F THE INVFUTT nu 
The present invention contemplates compensating 
for the dimensional change of a workpiece, or of ^a 
gauge, or of both a workpiece and a gauge, with changes 
in temperature about a predetermined reference 
temperature during dimensional measurement of the 
workpiece with the gauge. The compensation is computed 
in consideration of predetermined dimensional 
sensitivity(ies) of the workpiece, of the gauge, or of 
both the workpiece and the gauge, to changes in 
temperature. 

Devices and methods in accordance with the 
invention produce a workpiece-temperature-compensated, 
a gauge-temperature-compensated, or a workpiece- and 
gauge-temperature-compensated calibrated dimensional 
measurement of a workpiece by a gauge when neither the 
workpiece, nor the gauge, nor both the workpiece and 
gauge are at the reference temperature. Neither are 
the workpiece and gauge necessarily at the same 
20. temperature. 

Those dimensional variations with temperature 
that are successfully and accurately compensated for 
during dimensional measurements in accordance with the 
present invention are typically a large, and often a 
largest, source of measurement error during many 
dimensional measurements of diverse workpieces with 
diverse gauges. Large measurement error due to 
uncompensated dimensional change of workpieces with 
temperature is especially true of workpieces that are 
large, that exhibit large thermal coefficients of 
expansion (or contraction) , or that are of temperatures 
much different from a reference temperature. Large 
measurement error due to uncompensated dimensional 
changes of gauges with temperature is especially true 
of gauges that are large, that exhibit large thermal 
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coefficients of expansion (or contraction) , or that are 
of temperatures much different from the reference 
temperature. 

The accuracy of the compensation performed by 
the present invention is essentially dependent only on 
(i) the accuracies of certain temperature sensing (s) 
and (ii) a correct knowledge of certain pertinent 
thermal coefficient (s) of expansion. The compensation 
accuracy is typically very high, relegating errors in 
dimensional measurement that are due to temperature 
deviation to magnitudes at or below other sources of 
measurement error. This simple concept is of great 
significance in the real world. To repeat, the 
accuracy of the compensation performed in accordance 
with the invention is typically so good as to make 
dimensional measurement accuracy to be primarily 
dependent upon the accuracy of gauge blocks and 
calibrated gauges, and not upon the temperatures of 
gauge blocks, gauges, and/or workpieces. 
20 In accordance with a first aspect of the 

invention, a portable workpiece-temperature-compensated 
dimensional measuring device includes a gauge for 
measuring a dimension of a workpiece. The gauge 
typically includes a dimensional measurement assembly 
25 (such as a dial indicator or a linear variable 

differential transducer) moving relative to frame by 
contact with the workplace. The gauge quantitatively 
measures a workpiece dimension, typically its outside 
or its inside diameter. Three point snap gauge, rocker 
gauge, and other common gauge configurations are 
suitably employed. 

The device further includes a first thermal 
sensor, typically a thermistor. The thermal sensor is 
preferably held by the gauge in thermal communication 
with the workpiece. it measures the temperature of the 
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workpiece as a first temperature. 

The device further includes a computer, 
preferably a digital computer and typically a ' 
microcomputer. The computer receives the dimension 
measurement from the gauge and the first temperature 
measurement from the first thermal sensor, m 
consideration of a predetermined first dimensional 
sensitivity of the workpiece to temperature variations 
about a predetermined reference temperature the 
colter computes the temperature-compensated dimension 
that the workpiece would measure to and by the selfsame 
gauge upon such times as the workpiece was to be at the 
predetermined, reference temperature. 

is oof ^/^^^^^-^Pansated dimension 
is optionally displayed, typically by a digital 
display. 

in accordance with .tin another, second 
aspect of the invention, the portable worfcpiece- 
temperature-compensated dimensional Measuring device 
»ay be further adopted so as to compensate for its own 
dimensional self-variation with temperature. In J? 
case the device further includes a second thermal 
sensor, typically an active semiconductor electronic 

ST sensor - The seoond ^ — « 

thermal communication with the gauge for measuring its 
temperature as a second temperature. 

t™ 41113 C1Sa ° f C0B P ens ^ing for the gauge 

temperature the computer further receives the second 
temperature measurement from the second thermal sensor 
T e computer now calculates, i„ f urth er consid ratln 
of a predetermined second dimensional sensitivity of 
the gauge to variations in temperature about the 

norT^T referenCS t -^»*«-. ttat temperature- 

ZZal ^ ** ««™~ -uld measure 

to and by the selfsame gauge upon such times as both it 
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and the gauge were to be at the predetermined reference 
temperature. 

The first and second aspects of the invention 
can be reversed. Each of gauge- temperature- 
5 compensation and workpiece-temperature-compensation can 
be performed independently and exclusively of the 
other. 

The temperature-compensated dimensional 
measuring device in accordance with the invention is 

10 typically integrally packaged. It is easy to calibrate 
and use, particularly because all temperature 
sensing (s) typically transpire in a manner that is 
preferably completely integrated with the dimensional 
measurement process. The dimension and temperature 

15 sensings, and the necessary calculations, are fully 

automated and rapid. The device reads to the operator 
much like a digital readout gauge, yet it is capable of 
controllably displaying all parameters and sensed data 
by which it derived the temperature-compensated 

20 measurement. 

The temperature-compensated dimensional 
measuring device in accordance with the present 
invention particularly enables predetermination of the 
fit of workpiece components with accuracies that have 

25 not been attainable previously without a significant 
expenditure of time and manpower. 

The present invention still further 
contemplates a portable measuring device that indicates 
the in-tolerance/out-of-tolerance condition of a 

30 measurement made on a workpiece. The device includes 

(i) a gauge for measuring the dimension of a workpiece, 

(ii) a comparator for comparing the measured workpiece 
dimension to a predetermined dimensional tolerance 
range about a predetermined reference dimension, and 

35 (iii) an indicator, responsive to the comparing of the 
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comparison means, for indicating that, by results of 
the comparing, the measured workpiece dimension is 
either within or without the dimensional tolerance 
range. 

The dimensional tolerance range is preferably 
variably predetermined, preferably by manual data 
inputs tq the device and more preferably by independent 
manual input of both upper and lower limits of the 
dimensional tolerance range. 

Still further, the device permits variable 
predetermination of a reference dimension, or that 
dimension relative to which a measured dimension will 
be determined to be either within, or without, a 
dimensional tolerance range. The variable 
predetermination of the reference dimension preferably 
transpires merely by manually pressing a pushbutton 
while the gauge is measuring a gauge block standard. 
Thereafter the reference dimension will be the measured 
dimension of the gauge block. 

In the most sophisticated embodiments of the 
device, a number of indicators are responsive to the 
comparing for indicating that,, by results of the 
comparing, the measured workpiece dimension is either 
within or without the tolerance range of dimensions 
and, furthermore, if the measured workpiece dimension 
is without the tolerance range, then it is either (i, 
repairable so as to come within the range of dimensions 
or (xa) unrepairable and subject to scrappage. 

The temperature-compensated measurement, and 
the in-tolerance/out-of-tolerance indication, aspects 
of the present invention can each be used separately 
However, both aspects are preferably used jointly in a 
single device to perform quantitative dimensional 
measurement that is both (i, temperature-compensated in 
its accuracy, and (ii) user-friendly in identifying 
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whether a particular measured workpiece dimension is 
either within, or without, a variably preset 
dimensional tolerance range. 

In particular, a temperature-compensated, in- 
tolerance/out-of -tolerance indicating, quantitative 
measurement device in accordance with the present 
invention may be both calibrated on gauge blocks, and 
used to measure workpieces, that are not at a reference 
temperature. The device is quickly calibrated to a 
gauge block at any temperature because the temperature 
sensors within the device are themselves calibrated, 
and the device determines the temperature deviation of 
the gauge block from a reference temperature. From 
this determination the device is able to compute what 
15 the gauge block standard would measure should it be at 

the reference dimension, and this computed measurement 
becomes the reference measurement. A dimensional 
tolerance range, and a broader refurbishment/scrappage 
range, about this reference measurement may be quickly 
20 set. The device may then be used to perform 

temperature-compensated dimensional measurements of 
workpieces, displaying a true, temperature-compensated, 
quantitative dimensional measurement and indicating an 
in-tolerance/out-of-tolerance condition for each 
25 measured workpiece. 

These and other aspects and attributes of the 
present invention will become increasingly clear upon 
reference to the following drawings and accompanying 
specification. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE 1 is a diagrammatic view showing a first 
embodiment of a temperature-compensated quantitative 
dimensional measurement device in accordance with the 
present invention, particularly for measuring the 
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-side diameter of a workpiece. 

FIGURE 2 is a diagrammatic view showing a 
second embodiment of the temperature-compensated 
quantitative dimensional measurement device in 
accordance with the present invention, particularly for 
measuring the inside diameter of a workpiece. 

FIGURE 3 is a detailed view, partially in 
cross-section, showing a shoe assembly and a 

10 TiZT* 'T" ^ Within *» f irst -bodiment 
of the temperature-compensated dimensional measuring 
aevice shown in Figure l. 

of di M „ FI<3URE - 4 18 * ^ Sh ° Win9 8 ty£,lcal variation 
of dxmens.on wxth temperature due to a coefficient of 

expansion of four common steel worxpieces. typical 
15 the axles of railroad cars. 

first 5 13 ale0teioal «*~tlo showing . 

fxrst embodiment o, the electrical circuit which mly be 

ZtZz: T er ' the first ° r the ™- w 

20 11 ^"^-"-Pensated dimensional measuring 
dev.ce » accordance with the present invention. 

second eZT " SOhe " atlC M ° Ck * ±a *™ sh °««9 a 

second embodiment of an eleet-r-ir^,i „• - 

used within either the ttrsf 1 My be 

of ► or tte set =°nd, embodiment 

of the temperature-compensated dimension.! . 
25 device in ^ oinensional measuring 

awic „ accordance with the present invention. 

figure ,H IGURE °° nSistin » °* «™ 'a through 
vacant of the second embodiment of an electrical 

Uax) Performing temperature compensation, within a 
measuring device in accordance with th. 
35 invention. the P resen t 
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DETAILED DESCRIPTION OF THE INVENTION 
A first embodiment of a temperature-compensated 
and tolerance-indicating quantitative dimensional 
measurement device in accordance with the present 
invention, particularly for measuring the outside 
diameter (OD) of a workpiece, is mechanically 
diagrammatically illustrated in Figure l. All 
components of the first embodiment of the measuring 
device 10 are typically mounted to frame 11, but need 
not invariably be so mounted. The frame 11, typically 
made of metal and more typically aluminum, is in the 
shape of a «C clamp. The frame 11 typically defines 
one or more lightening holes 12. 

During use of the device 10 for measuring, the 
frame 11 is positioned about the outside diameter (OD) 
of workpiece 100. The frame 11 fixes shoes 13 and 14 
in contact with the workpiece 100 at substantially one 
quadrant, or 90- , of separation along the circumference 
of the substantially cylindrical workpiece loo. The 
frame 11 also supports a third, moveable, shoe 15 in a 
position contacting the workpiece 100 at substantially 
180- from fixed shoe 13. The 3 point suspension of 
frame 11 by its shoes 13-15 positioned against 
workpiece 100 constitutes the commonly recognized form 
25 of a three point snap gauge. 

The shoe 13 is fixed to frame 11 during use of 
device 10 for measuring, but is adjustable relative to 
frame 11. The shoe adjustment assembly 16 includes 
micrometer 17. The micrometer 17 is manually rotated 
30 to force via a threaded shaft (not shown) the shoe 13 
into greater or lesser extension from frame 11. 

The shoe 14 is positionally constantly fixed to 
frame 11. The shoe 14 is but part of a positioning 
shoe and workpiece temperature sensor 18. The 
positioning shoe and workpiece temperature sensor 18 
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which will be shown in detailed view in Figure 3, 
detects the temperature of workpiece 100 at the 
position of shoe 14 when the measuring device 10 is 
operatively positioned thereabouts. An electrical 
signal bearing information on this detected temperature 
is electrically communicated (by a wire pathway not 
shown in Figure 1) to computer 19. 

The moveable measuring shoe 15 is moveable 
relative to frame 11. it is mechanically connected to 
size signal generator 20 which is affixed to frame 11. 
The moveable measuring shoe 15 size and signal 
generator 20 jointly constitute the dimensional 
measuring assembly 21. The dimensional measuring 
assembly 21 produces an electrical signal that bears 
information on the displacement of moveable shoe 15 by 
workpiece 100. This signal is received (by a wired 
interconnection path not shown in Figure 1) at computer 
19. The magnitude of the displacement of moveable shoe 
19, and the informational content of the electrical 
signal produced by dimensional measuring assembly 20 
is, of course, indicative of the size of workpiece 100 
relative to frame 11. Accordingly, the dimensional 
information produced by dimensional measuring assembly 
21 is the outside diameter of workpiece 100 measured 
25 relative to frame 11. 

The frame temperature sensor 22 produces an 
electrical signal that indicates the temperature of 
frame 11. This signal is received (by a wired 
interconnection path not shown in Figure 1) by computer 

In accordance with the present invention, the 
computer 19 uses the measured workpiece dimension 
information received from dimensional measuring 
assembly 21 in combination with either or both of (i, 
35 the workpiece temperature information received from 



20 



WO 90/00246 



PCT/US89/02639 



- 23 - 



10 



15 



20 



25 



30 



35 



positioning shoe and workpiece temperature sensor 18 
and (ii) the frame temperature information received 
from frame temperature sensor 22. The computer 19 
computes a workpiece-temperature-compensated OD of 
workpiece 100, a frame-temperature-compensated OD of 
workpiece 100, or a workpiece- and frame-temperature- 
compensated OD of workpiece 100. 

The dimensional compensation resultant from the 
temperature deviation of the workpiece 100, of the 
frame 11, or of both the workpiece 100 and frame 11 
from the predetermined reference temperature, nominally 
59 *F, is calculated in computer 19 from prior knowledge 
of the predetermined thermal coefficient (s) of 
expansion of the workpiece 100 and/or the frame 11. 
Neither the temperatures nor the predetermined thermal 
coefficients of expansion of workpiece 100 and frame 11 
are necessarily equal. Indeed, the frame 11 and the 
entire temperature-compensated measuring device 10 is 
usually near room ambient temperature for having been 
maintained in the (typically) indoor environment of 
use. The workpiece 100 may, to the contrary., be at a 
temperature significantly different from room ambient 
temperature. Likewise, the frame 11 is typically 
aluminum exhibiting a considerably different thermal 
coefficient of expansion from the workpiece loo which 
is typically steel. 

The temperature-compensated dimension 
calculated by computer 19 is further communicated for 
use, such as for use by a human operator or by a 
machine control system. It is typically communicated 
by a wired interconnection (not shown in Figure l) to 
display 23. The display 23, which is typically 
digital, displays the temperature-compensated dimension 
within a few seconds after the temperature-compensated 
measuring device 10 has been placed in stable 
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mechanical and thermal contact with the workpiece 100. 
The computer 19 will not produce a display until sensed 
dimensions and temperature have stabilized. 

The first embodiment of the temperature- 
s' compensated measuring device 10 in accordance with the 
present invention is typically positioned into 
mechanical and thermal contact with the workpiece 100 
by being manually grasped about insulator 24 at the 
location of hand hold 25. The insulator 24 serves to 
10^ diminish heat transfer from the human hand to the frame 
11 during use of the measuring device 10 for 
temperature-compensated measurements, a slow variation 
in the temperature of frame 11 due to heating from the 
hand or from any other source is not harmful, 
15 especially in consideration of the compensation 

preferably to be performed by the device 10 for any 
thermally induced expansion or contraction of the frame 
11. However, the insulator 24 primarily serves to 
prevent that the frame 11, especially if it is small 
20 and/or of low thermal mass and/or at a much different 
temperature than the hand, should receive sufficient 
heat transfer from the operator's hand so as to undergo 
such a rapid change in temperature as would prevent the 
temperature-compensated measurements of the device from 
25 properly settling. 

The mechanical and electrical interrelation- 
ships and interconnections of the components of the 
temperature-compensated measuring device 10 deserve 
careful consideration. The dimension measured by 
30 dimensional measuring assembly 21 is always relative to 
frame 11. Therefore dimensional measuring assembly 21 
and the micrometer adjustment assembly 16 against which 
dimensional measuring assembly 21 acts through 
workpiece 100, must always be affixed to frame 11 
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In accordance with the design of a three-shoe 
snap gauge, a fixed shoe 14 will also be affixed to the 
frame 11. However, it is not necessary that the 
temperature sensing that is preferably done within the 
5 shoe 14 as part of the positioning shoe and workpiece 
temperature sensor assembly 18 must necessarily be 
performed within such shoe 14, or that such temperature 
sensing needs be performed at any fixed location 
relative to frame 11 or device 10. indeed, the 
10 temperature sensing of the workpiece loo could be 

remote. The action of the preferred embodiment of the 
temperature-compensated measuring device 10 that the 
temperature sensing by positioning shoe and workpiece 
temperature sensor 18 should inure naturally upon such 
times as the device 10 is positioned about workpiece 
100 for measuring the dimensions thereof is obviously a 
beneficial feature of the present design. 

It should further be understood that it is 
properly the temperature of frame 11 that is being 
sensed by frame temperature sensor 22, and that it is 
principally the expansion or contraction of frame 11 
that is being compensated for by computer 19. The 
temperature of dimensional measuring assembly 21 is not 
directly sensed, but is normally at the temperature of 
25 frame 11.. The dimensional measuring assembly 21, while 

undergoing some small dimensional variation with 
temperature, generally incurs a dimensional variation 
with temperature that is so small relative to the 
greater variation resultant from the greater dimension 
of frame 11 so that this thermal variation of assembly 
21 may be essentially neglected. Alternatively, it may 
be considered that the temperature sensitivity of 
dimensional measuring assembly 21 is incorporated into 
a single coefficient of expansion factor that is 
applied to both itself and frame 11 by computer 19. 
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Both computer 19 and display 23 are shown in 
Figure 1 to be nominally affixed to frame 11. These 
components need not be, of course, integrally mounted 
to temperature-compensated measuring device 10. It is 
merely convenient that they should be so miniaturized 
and so mounted. In the preferred first embodiment 
illustrated in Figure 1 the entire temperature- 
compensated measuring device 10 is a unitary, self- 
contained, instrument. 

A second preferred embodiment of the 
temperature-compensated measuring device in accordance 
with the present invention is shown in Figure 2, 
consisting of Figure 2a and Figure 2b. The 
temperature-compensated measuring device 30 is 
configured as a rocker gauge assembly having a 
substantially planar base 31 and a central handle 32. 
The handle 32 is grasped by the hand. Then dimensional 
measuring device 30 in the configuration of a rocker 
assembly is positioned within the bore of workpiece 101 
so that the two fixed positioning feet 33 and the one 
moveable positioning foot 34 come into contact with the 
interior surface of the bore.. Under the well 
understood principles of a rocker gauge assembly, the 
measuring device 30 is rocked from side to side in the 
bore of workpiece 101 until a minimum dimensional 
measurement is obtained. 

Affixed to the base 31 and extending therefrom 
under the outwards force provided by spring 35 is a 
moveable temperature sensor 36. The temperature sensor 

36 senses the temperature of the workpiece 101 at the 
interior of its bore. Meanwhile, another temperature 
sensor 37 senses the temperature of the base 31. 
Electrical signals from both temperature sensors 36 and 

37 are routed (via pathways not shown in Figure 2a) to 
3S a computer 38. The computer 18 is typically located in 
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an enlarged top to the handle 32. Also within the 
enlarged top to handle 32 is a display 39. 

The positional movement of moveable foot 34 
relative to base 31 incurred during rocking of 
5 measuring device 30 within the bore of workpiece 101 
produces an electrical signal output from dimensional 
measurement assembly 40. This signal output is 
indicative of the positional displacement of moveable 
foot 34, and consequently of the inside diameter (ID) 
10 of the bore to workpiece 101. As with the first 

embodiment of the invention shown in Figure l, the 
dimensional measurement assembly 40 measures dimensions 
relative to a frame, mainly base 31. 

In accordance with the principles of the 
present invention, the computer 38 is preprogrammed 
with the thermal coefficients of expansion of both base 
31 and workpiece 101. The computer 38 uses the 
temperature reading of workpiece 101 that is derived 
from temperature sensor 36 and the dimension that is 
derived from dimensional measurement assembly 4 0 in 
consideration of a predetermined thermal coefficient of 
expansion of workpiece 101 in order to derive a 

workpiece-temperature-compensated dimensional 
measurement . 

The computer 38 preferably also uses the 
temperature of base 31 that is obtained from base 
temperature sensor 37 in conjunction with the same 
dimensional measurement of dimensional measurement 
assembly 40, and in further consideration of a 
predetermined thermal coefficient of expansion of the 
base 31, to derive a base-temperature-compensated 
dimensional measurement. The computer 38 preferably 
derives a compensated temperature measurement that is 
both workpiece- and base-temperature-compensated. The 
35 calculated temperature-compensated dimensional 
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measurements are typically displayed by computer 38 
(via wired interconnection not shown in Figure 21) in 
display 39. 

An expanded view, partially in cross-section, 
of the positioning shoe and workpiece temperature 
sensor assembly 18 previously shown in Figure 1 is 
shown in Figure 3. A support 51 is permanently affixed 
to frame 11 (shown in Figure 1) . The support 51 
terminates in a widened lower base, or shoe, 52. The 
face 53 to shoe 52 is contoured in a complementary 
fashion to workpiece loo in order to make good thermal 
contact. The face 53 to shoe 53 is made from highly 
thermally conductive material. It is typically made 
from metal and more typically silver. 

A temperature sensor 54, typically a 
thermistor, is embedded within the typically silver 
face 53 to shoe 52. Electrical connection to the 
thermistor 54 is obtained via leads 55. 

Backing the thermally conductive face 53 and 
the thermistor 54 is a layer of thermal insulator 56 
At the region of the passage of leads 55 through shoe 
52 the leads are protected by a grommet 57, typically 
made of neoprene rubber, that is both thermally and 
electrically insulating. 

The preferred construction of the positioning 
shoe and workpiece temperature sensor 18 provides that 
the thermistor temperature sensor element will rapidly 
attaxn the temperature of the workpiece 100 (shown in 
Figure 1) into which it comes into thermal contact 
Meanwhile, the insulating layer 56 and the insulating 
grommet 57 prevent heat from being transferred between 
workpiece loo and support 51 and frame 11 (shown in 
Figure 1) . 

A conceptual analysis of the environment within 
which the temperature-compensated measurement devices 
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in accordance with the present invention suitably 
function is aided by reference to the graph of Figure 
4. The variation of dimension with temperature for 
three typically workpieces, mainly three steel railroad 
5 car axles, 101-104 is graphed in Figure 4. Because 
each of the workpieces 101-104 is of the same steel 
material, type 4340 by example, the slope of each curve 
is identical. Because the material of the axle 
workpieces 101-104 is homogenous, the plots are simple 
10 straight lines. The slope of these lines is the 
coefficient of expansion. 

The suggested workpiece axle 101 is of minimum 
acceptable size and passes through the point of 
dimension 6.1905 inches at the reference temperature of 
fifty-nine degrees Fahrenheit (59'F). Note that this 
axle 101 also measures to be good, or usable, by an 
uncompensated measurement taken at normal room 
temperature 70-73^. 

The axle workpiece 102 is suggested to be 
"perfect" in dimension, and exhibits a diameter of 
6.1910 inches at the reference temperature of fifty- 
nine degrees Fahrenheit (59 T), meaning that it is 
precisely in the center of the acceptable range of axle 
diameters. Note that this axle 102 erroneously 
measures too large (but repairable) by uncompensated 
measurement at high room temperature. 

The axle 103 exhibits a maximum acceptable 
diameter of 6.1915 inches at the same reference 
temperature of fifty-nine degrees Fahrenheit (59«F) 
Even though this axle 103 is acceptable and usable as 
is, it is erroneously identified as oversize by 
uncompensated dimensional measurement at room 
temperature 70-73 "F. 

Finally, the axle 103 is repairable but 
35 undersize. it measures, however, to be acceptable by 
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uncompensated dimensional measurement at room 
temperature. To issue this axle for use will mean that 
its journal loosely fits a standard bearing, with high 
potential for early, possibly catastrophic, failure. 

Further in accordance with the teaching of 
Figure 4, it is shown that each of the axles 101-104 
exhibits a reduced dimension at temperature below the 
reference temperature, in fact, even the axle 102 
which is "perfect- will appear to be outside the 
acceptable dimensional range, i.e. of less than 6.1905 
inches diameter, when it is measured at temperatures 
below approximately forty-five degrees Fahrenheit 
(45-F). Accordingly, the dimensional measurements 
actually performed on the axle workpieces 101-104 at 
temperatures other than the reference temperature of 
fifty-nine degrees Fahrenheit (59 *F) must be adjusted 
or compensated, in order to correctly determine that ' 
diameter which each workpiece would assume should it 
have been elevated, and stabilized, to the reference 
fifty-nine degree Fahrenheit (59'F) temperature. 

The particular preferred algorithm in 
accordance with the method of the present invention for 
compensating for both the temperature of the workpiece 
and of the measuring gauge 
25 is as follows. 

A deviation from standard may be defined as: 

Gstd " ®wkpc + (T Std -T Ukpc ) x X Hkpc - (WT GHkpc ) x X Gage 

The result of this calculation is greater than one (1) 

if workpiece is larger than standard, within the 

formula the expressions have the following meanings: 

Std = Calibration standard sample of workpiece 

Wkpc = the workpiece being measured 
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Dial Gage reading. The gage reading increases 
with increasing workpiece size. 

G std - Gage reading on standard 

G wk P o 83 Gage reading on workpiece 

5 T Std m Temperature reading on standard 

T wk P c 88 Temp reading on workpiece 

T BSed = Temp reading of gage frame when measuring 
standard 

T CHkpe = Temp reading of gage frame when measuring 
10 workpiece * 

X G.g« - amount of expansion per degree of gage frame 
(constant in the length and temperature units 
being used by the gage and temperature 
sensors) . 



15 x, 



:wkp 0 = amount of expansion per degree of workpiece 
material . 

The coefficients of expansion and contraction 
for metals and mixtures are available in the CRC 
Handbook of Chemistry and Physics, 65th Edition, 
available from CRC Press Inc., Boca Raton, Florida. 
Coefficients particularly usable for metals common of 
employment in both frames of the dimensional 
measurement device and the workpieces upon which such 
devices operate are contained at pages D187-D188. 

Heat transfer rates of materials are likewise 
available in the same CRC Handbook of Chemistry and 
Physics, 65th Edition, at pages E11-E14. Such heat 
transfer rates are useful in calculating how long it 
takes the temperature sensors of the temperature- 
compensated measurement devices in accordance with the 
present invention to stabilize at a new temperature. 
These times represent programmed settling times, or 
time delays, during which the measurement device will 
35 not give an indication. Normally these times are only 
a few seconds. The measuring device in accordance with 
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the present invention is fully self -protected by its 
programmed operation from attempting temperature- 
compensated measurement or temperatures that are 
changing "too fast-, i.e., at rates that, in 
5 consideration of heat transfer rates, represent that 
substantial temperature stability has not been 
achieved. If temperatures of interest are not 
substantially stable then the measurement device will 
produce no indication rather than a confusingly wrong, 
10 or variable, indication. 

First and second preferred embodiments of 
electrical circuits suitable for incorporation in the 
temperature-compensated measuring device in accordance 
with the present invention are respectively shown in 
15 schematic diagram in Figures 5 and 6. Each of the 

circuits is suitable for inclusion either within the 
first mechanical embodiment of the temperature- 
compensated measuring device shown in Figure l, or 
within the second embodiment shown in Figures 2a and 
20 2b. The first embodiment of the electrical circuit 

shown- in Figure 5 uses a personal computer 190 as the 
computer 19 or 38 respectively shown in Figure 1 or 
Figure 2a. The second embodiment of the electrical 
circuit shown in Figure 6 uses a smaller 
microcontroller 380 as the computer 19 or 38 
respectively shown in Figure 1 or Figure 2a. 

Thus the first embodiment of the electrical 
circuit shown in Figure 5 may be considered relatively 
physically larger whereas the second embodiment of the 
electrical circuit shown in Figure 6 may be considered 
relatively physically smaller, if the first embodiment 
of the electrical circuit shown in Figure 5 is to be 
directly affixed to the frame 11 or base 31 that are 
respectively shown in Figure 1 or Figure 2a, then the 
measuring devices 10, 30 must be correspondingly l arge 



25 



30 



35 



WO 90/00246 



PCT/US89/02639 



- 33 - 



10 



15 



It is not, however, necessary that the computers 19, 38 
should be respectively physically mounted to the 
respective frame 11 and base 31. It is merely 
convenient that the computers 19, 38 should be so 
mounted, and this mounting is best supported by the 
miniaturized embodiment of the electrical circuit shown 
in the schematic diagram of Figure 6. 

In the first embodiment of the electrical 
circuit shown in Figure 5 the measuring assembly 21, 4 0 
includes digital dial gauge 210, preferably Chicago 
dial type EDI-71 available from Chicago Dial Indicator 
Company, 1372 Rediker Road, DePlanes, Illinois 60016. 
The digital dial gauge 210 is connected to a dial gauge 
to RS232 interface 211. The interface 211 is 
preferably type Fowler Gage Port available from 
Observational Systems, inc., 15014 N.E. 40th, Suite 
201-B, Redmond, Washington 98052. Other measuring 
assemblies 21,40 producing a digital signal output 
indicative of the measured dimension are known in the 
industry, and will suffice within the temperature- 
compensated measuring devices of the present invention. 

The signal output from interface 211 is 
received at an RS232C interface card 191 within 
personal computer 190. The information contained 
25 within the signal is the measured dimension of the 

workpieces 100, 101 (shown in Figure 1 and Figure 2a) . 

The frame, or base, temperature sensors 22, 37 
(shown in Figures 1, 2a) are preferably implemented as 
active semiconductor circuits based on semiconductor 
30 temperature sensors, such circuits and sensors have a 
rapid response time, and are highly sensitive to 
temperature variations. A resistor 220, nominally 10k 
^ ohms, is connected in series with semiconductor 

temperature sensor 221, nominally type LM335 available 
from National Semiconductor, between voltage supply 
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222, typically. +12 volts dc, and ground 223. The 
signal derived at the junction of this voltage divider 
is received and amplified by operational amplifier 224. 
The amplified analog signal, indicative of the ' 
temperature of the frame 11 or of base 31 (respectively 
shown in Figures l, 2a) is received at analog to 
digital converter 192 within personal computer 190. 

The frame, or base, temperature sensors 18, 36 
are typically implemented as a thermistor 180. The 
thermistor 180, typically type DC95 F502 W available 
from Thermometries, 808 U.S. Highway 1, Edison, New 
Jersey 08817 has a wide operational temperature range. 
It is durable to shock, vibration, and high temperature 
gradients normally encountered during operational use. 
Many additional commonly known thermistors are also 
suitable. 

The thermistor 180 is within a constant current 
circuit of .1 milliamps established by constant current 
source 181. The constant current source 181 is powered 
by supply voltage 182, typically +12 volts dc. The 
circuit between constant current source 181 and 
thermistor 180 is enabled to be closed by a signal 
driven from personal computer 190 to close analog 
switch 183. Analog switch 183 is typically one leg of 
a CMOS switch type CD4066 (an industry standard part) . 
The signal causing closing of the switch 183 is driven 
from the digital output lines circuit 193 within 
personal computer 190. When the switch 183 is enabled 
to be closed then the variable voltage developed across 
the variable resistance of thermistor 180 by the 
constant current flow (.1 milliamps) therethrough is 
amplified in operational amplifier 184. The amplified 
signal is communicated to analog to digital interface 
192 of personal computer 190. This signal bears 
information on the temperature of the workpiece. 
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From the received workpiece and frame (or base) 
temperatures , and in consideration of preprogrammed 
thermal coefficients of expansion as respectively 
besuit the material of the frame (or base) and the 
5 material of the workpiece, the personal computer 190 is 
able to calculate the workpiece- and frame (or base)- 
compensated-measurement of the workpieces 100, 101. 
The temperature-compensated dimensional measurement is 
displayed within display 230 of display and control 23, 
10 39. The operator may cause the personal computer 190 

to initiate a measurement cycle, alter the parameters 
of calculation, or perform other pertinent control via 
control area 231, typically a computer keyboard. 

A listing in the BASIC language of a computer 
15 program particularly suitable for workpiece- and gauge- 
temperature-compensated measurement of a railroad axle 
is attached to the present specification as Appendix A. 
Preprogrammed constants include the following. 
ThermCurrent = 0.1 milliamperes is the current of the 
thermistor thermally communicating with 
the workpiece. 
ThermTDev = 1 is the maximum allowable deviation in 

degrees for a "stable" reading. 
StableNReq = 5 is the length of time required in 
25 seconds for the measurement device to 

stabilize. 

HandleFactor - 0.0005 inches per degree to add to 
reading, meaning the coefficient of 
expansion times the length of the gauge 
frame, per degree Fahrenheit. 
AxleFactor = -0.000225 inches per degree to add to 
the dimensional reading, meaning the 
coefficient of expansion times the axle 
diameter, per degree Fahrenheit. 
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All these constants are obviously subject to 
predetermination as besuits the particular temperature- 
compensated measurement problem at hand. 

The second embodiment of an electrical circuit 
suitable for use within either embodiment of the 
temperature-compensated measuring devices 10, 30 in 
accordance with the present invention is shown in 
Figure 6. This circuit operates similarly to the 
embodiment of Figure 5. The dimensional measuring 
assembly 21 , 40 typically consists of displacement 
gauge 400 connected to a linearizing interface 401. 
The gauge 400 and linearizing interface 401 are both 
available from Technetics, Inc., 481 Cypress Lane, El 
Cajon, California 92020. Unlike the digital dial gauge 

210 and its accompanying dial gauge to RS232C interface 

211 that were within the first embodiment of the 
electrical circuit shown in Figure 5, the signal output 
of the linearizing interface 401 is analog, and not 
digital. This signal output is received within an 
analog to digital converter 381 that is integral to 
microcontroller 380. The microcontroller 380 is 
preferably type 68705 or 68HC11 available from 
Motorola, Inc. 

The frame temperature sensor 22, 37 is again 
based on a semiconductor temperature sensor 221 type 
LM335. The operational amplifier 224 that was shown in 
Figure 5 is not necessary for amplification of the 
electrical signal derived from sensor 221 during the 
signal transmission to microcontroller 380 because the 
microcontroller 380 is normally located physically 
proximate to the frame (or base) temperature sensors 
22, 37. . 

The workpiece temperature sensor 18, 36, 
consist of the identical components 180-184 'as were 
present within such workpiece temperature sensor within 
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the first embodiment of the electrical circuit shown in 
Figure 5. The signal output controlling the CMOS 
analog switch 183 is now derived from the parallel I/O 
section 382 of microcontroller 380. The 
microcontroller 380 additionally contains central 
processing unit section CPU 383, erasable random access 
memory section RAM 384, and permanent random access 
memory section ROM 385. 

In consideration of preprogrammed information 
regarding the thermal coefficients of expansion of both 
the frame (or base) 11, 31 and the workpieces 100, 101 
(shown in Figures 1, 2a), and in further knowledge of 
the workpiece dimension and the frame and workpiece 
temperatures, the microcontroller 380 calculates the 
15 frame- and workpiece-compensated dimensional 

measurement. This measurement is transferred via 
parallel I/O 386 to display and control section 23, 39. 

Within the miniaturized embodiment of the 
electrical circuit shown in Figure 6, the display 230 
20 preferably consists both of LCD indicators that are 
typically used for numerical display and of LED 
indicators that are typically used for display of the 
operational status of the temperature-compensated 
measuring device. The control of the temperature- 
measuring devices 10, 30 is preferably enabled through 
simple operator switches 231. 

In operational calibration and use, the 
temperature-compensated measuring devices in accordance 
with the present invention exhibit considerable 
30 flexibility. That a measuring instrument should be 
calibratable, and calibrated, by such means as the 
micrometric adjustment assembly 16 shown in Figure l, 
is not new in the art. The temperature-compensated 
measuring devices 10, 30 in accordance with the present 
invention readily support zeroing or calibration 



25 



35 



WO 90/00246 



PCT/US89/02639 



- 38 - 



15 



20 



25 



30 



35 



relative to a reference dimensional standard by both 
mechanical means and by operator-initiated 
normalization, or zeroing, of the indicated dimension. 

An initial, factory, calibration of a 
temperature-compensated measuring device 10, 30 is 
undertaken when its frame (or base) 11, 31 is at the 
59' reference temperature and the instrument is 
dimensionally measuring a dimensional standard 
workpiece 100, 101, or Jo block. The measurement (s) of 
such dimensional standards are normally traceable to 
the U.S. National Bureau of Standards, or equivalent 
foreign authority. Then, while the dimensional 
measuring instrument is still calibrated, two graphical 
plots are obtained. A first plot is the change in the 
•absolute measurement of the measuring devices 10, 30 
when the temperature of such devices is changed while 
the temperature of the Jo Block remains fixed at 59 'P. 
The slope of such a curve is typically only the 
coefficient of expansion of the frame, or base, n, 31. 
A second plot of the measuring devices 10, 30 
measurements is obtained while the measuring devices 
10, 30 remain calibrated at the 59 'F temperature while 
the Jo block varies in temperature. This variation 
with temperature exhibited by the Jo block is typically 
not the same variation as will ultimately be exhibited 
by the workpiece, being that the Jo block and the 
workpiece are not required to be made of identical 
material, and are normally made of different materials. 

After deriving the two plots, it is possible to 
calxbrate the temperature-compensated dimensional 
measuring devices 10, 30 in accordance with the present 
invention to the original calibration Jo blocks when 
either (i) the temperature-compensated measuring 
device, (ii> the Jo block, or (iii) both the 
temperature-compensated measuring device and the Jo 
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block are not at the reference 59 'F temperature. This 
calibration flexibility is extremely valuable. For 
example, a temperature-compensated measuring device in 
accordance with the present invention may typically be 
5 switch controlled to indicate its own sensed 

temperature, the sensed temperature of the workpiece Jo 
block, or the uncompensated measurement that it 
currently senses. Suppose it is known from the 
calibration curves that a Jo block of diameter 6.0004 

10 inches at 59'F will measure 6.0011 inches at 70'F. 
Suppose that it is also known that a temperature- 
compensated measuring device 10, 30 that is zeroed to 
read the 59 "F Jo block to be 6.0004 inches when the 
measuring device 10, 30 is at the same 59 °F temperature 

15 will measure the same 59'F.Jo block to be 5.9996 inches 
when the frame (or base) 11, 31 of the measuring device 
10, 30 is at 73*. 

Consider now the calibration procedure for a 
temperature-compensated measuring device when its own 
sensors indicate that a Jo block is at 70°F and that 
its own frame is at 73 'F. The temperature of the Jo 
block indicates that the correct reading should be 
.0007 inches high, whereas the temperature of the frame 
(or base) indicates that the reading should be .0008 
25 inches low. The net of these two pieces of information 
is that a 73'F temperature-compensated measuring device 
measuring a 70 °F Jo block (which Jo block is 6.0004 
inches at 59'F) should read, if calibrated, 6.0005 
inches. Suppose then, upon a singular instance, the 
30 temperature-compensated measuring device 10, 30 in 
accordance with the present invention shows an 
uncompensated dimensional measurement of the Jo block 
equaling 6.0006 inches. This reading is too high by 
.0001 inches. The device is correspondingly manually 
35 calibrated, either by mechanical adjustment or by input 
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of parameters to the computer processor, to subtract 
.0001 inches from the workpiece Jo block measurement 
that it senses. The device 10, 30 thusly thinks that 
it sees, and displays as the uncompensated measurement, 
a dimension of 6.005 inches for a 70 T Jo block and a 
73 'F frame. From this uncompensated measurement the 
device will derive a workpiece- and self -temperature 
compensated measurement of 6.0004 inches — which is 
the true Jo block measurement. 

The temperature-compensated dimensional 
measuring device was calibrated without necessity of 
having adjusted either its own temperature, or the 
temperature of the Jo block, to the reference 
temperature of 59 °F. This flexible calibration 
obviously saves time and permits a frequent 
recalibration in the work environment. 

The present invention is also directed to 
conveniently displaying in-tolerance/out-of-tolerance 
determinations made responsive to quantitative 
dimensional measurements, as well as the quantitative 
dimensional measurement themselves. The dimensional 
measurements for which the in-tolerance/out-of- 
tolerance determinations are made are preferably 
temperature-compensated measurements in accordance with 
25 the present invention, but need not be so. 

A detail schematic diagram, showing the second 
embodiment of an electrical circuit previously seen in 
the schematic block diagram of Figure 6, is shown in 
Figure 7, consisting of Figure 7a through Figure 7d, in 
order that the operator switches 231, and the display 
230, may be shown with greater particularity. The 
variant embodiment schematically diagrammed in Figure 7 
is different from the embodiment schematically block 
diagrammed in Figure 6 primarily for using a 
MICROCONTROLLER 3800 that is of Type 68HC805C4, and 
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which correspondingly does not have an included analog 
to digital converter. Instead, the analog-digital 
converter 382 which was within the microcontroller 380 
shown in Figure 6 is instead a separate component, A/D 
5 CONVERTER 3820 shown in Figure 7. There is no 
essential difference between the embodiments 
schematically diagrammed in Figure 6 and Figure 7 and 
their accompanying firmware control program as regard 
their ability to temperature compensate dimensional 
10 measurement, and to both quantitatively and 

qualitatively (in-tolerance/out-of-tolerance) display 
the results thereof. 

Referring to Figure 7, the dimensional 

measuring assembly again consists of displacement gauge 

15 400, preferably a linear variable displacement 

transducer (LVDT) , normally type 0272-000 commercially 

available from Trans-Tech Corporation. The 

displacement signal developed in the LVDT displacement 

gauge 400 is received at linearizing interface and LVDT 

20 signal conditioner 401, circuit type NE 5521N available 

from Signetics Corporation. The linearized and 

condition signal output from linearizing interface 4 01 

is routed through operational amplifier 403, typically 

one of four CMOS operational amplifiers type LMC 660XX 

available from National Semiconductor Corporation, to 

be received at 10 bit A/D CONVERTER 3820, typically 

type CDP68HC68AZ available from CMOS Peripherals, Inc. 

Continuing in Figure 7, the FRAME TEMPERATURE 

SENSOR 22, 37, is, as previously shown in Figure 6, 

again preferably based on part no. LM 335 available 

from National Semiconductor Corporation. The analog 

signal output of the sensor is amplified in operational 

amplifier 224, another part of the CMOS quad 

operational amplifier part no. LMC 660XX available from 

National Semiconductor Corporation, and received is 
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into A/D CONVERTER 382a. 

The WORKPIECE TEMPERATURE SENSOR 18, 36, is 
likewise again preferably based on a temperature 
transducer, preferably part no. AD 590 available from 
5 Analog Devices. The signal output of this WORKPIECE 
TEMPERATURE SENSOR 18, 36 is amplified in operational 
amplifier 184, still another quarter of the CMOS quad 
operational amplifier NSC part no. LMC 660XX, and 
received into A/D CONVERTER 3820. The WORKPIECE 
10 TEMPERATURE SENSOR 18,36 contains a switch 1830 that 

activates the sensor 180 from voltage supply VunREG only 
when it is properly contacting the workpiece, normally 
by being pressed tightly against an axle. As such the 
operation of switch 1830 differs slightly from the 
operation of switch 183 that was previously shown in 
Figure 6/ and that was explained in conjunction 
therewith . 

The unregulated battery voltage VunREG and the 
reference voltage +2.5 Vref are also received into A/D 
CONVERTER 3820 as voltages indicative of the battery, 
and regulated, power of the dimensional measuring 
assembly. 

The MICROCONTROLLER 3800, typically 8 bit type 
MC68HC805C4 available from Motorola, Inc., operates in 
accordance with a firmware program stored in EEPROM 
386, preferably type no. 93C46 available from 
International CMOS Technologies, Inc. m accordance 
with its programmed operations, the MICROCONTROLLER 
3800 causes the A/D CONVERTER 3820 to select among the 
various analog signals that it receives, and in turn 
receives the digital data from A/D CONVERTER 3820 that 
is indicative of the selected informational quantity 
The MICROCONTROLLER 3800 runs the algorithm, previously 
explained, by which the dimensional measurement 
ultimately derived from LVDT displacement gauge 400 is 
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compensated for both the temperature of the workpiece 
and the temperature of the gauge. 

In addition to its temperature compensation 
function, the MICROCONTROLLER 3800 is operative, under 
firmware program control, to both receive control from 
manual pushbutton switches 231, and to produce both (i) 
quantitative displays and (ii) go/no-go indications in 
the form of indicator lights. Manual actuations of the 
switches 1 through 4, SW1 through SW4, of the operator 
switches 231 are received directly at MICROCONTROLLER 
3800. These switches SW1-SW4 are labeled, and their 
actuations respectively indicate, an input of "+", "-» 
"REFERENCE" , and "SET LIMITS" to the MICROCONTROLLER 
3800. The meaning of these particular inputs will be 
explained shortly during discussion of the functional 
performance of the in-tolerance/out-of-tolerance 
indicating device in accordance with the present 
invention operating under control of MICROCONTROLLER 
3800. 

A final one of the operator switches 231, 
switch SW5 for "ON/OFF", connects through a level 
converter and switch debouncer circuit to selectively 
enable or disable adjustable voltage regulator and 
power supply circuit 700, type LM 317L available from 
National Semiconductor Corporation, and associated 
components. The adjustable regulator and power supply 
700 produces the +5 v.d.c. power that is used by all 
electronics. The fundamental power is provided by 
pluggable battery BT1, typically 7.2 v.d.c. Actuation 
of the "on/off" switch SW5 also acts in NAND Schmitt 
Triggers 701, 702, 703, typically types MC 14093B 
available from Motorola, Inc., to, after a two second 
power switch detection delay, produce a power-on reset 
signal that will, save that circuit operation be 
inhibited by the presence of low voltage, serve to 
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reset the MICROCONTROLLER 3800. 

Continuing in Figure 7, the firmware program 
operated by MICROCONTROLLER 3800 produces, as a first 
portion of display 230, an alphanumeric liquid crystal 
digital display LCD 2307, type LC 5/3041-300. XX/XX 
available from Amperex, as driven by LCD driver 2302, 
type MM5453 available from National Semiconductor. The 
alphanumeric information displayed by LCD 2301 is the 
quantitative dimensional measurements, and, at 
alternative times, messages to the device operator. 

Of particular importance to the present 
invention, the firmware program operated within 
MICROCONTROLLER 3800 also causes, within the display 
230, selected ones of light emitting diode indicators 
DS1-DS4 to illuminate. The LED DS1 is typically green, 
and is labeled and indicates "OK". Similarly, the led' 
DS2 is typically yellow and is labeled "REFURB", 
meaning that refurbishment is possible. The LED DS3 is 
typically red, and is labeled "SCRAP", meaning that 
refurbishment is not possible and that scrappage of the 
measured workpiece is indicated. Finally, LED DS4 is 
typically green, and is labeled "TEMP MEASURE" . The 
illumination of this LED indicator DS4 means that the 
device is performing temperature measurements, and is 
25 waiting for a predetermined period to (potentially) 
allow such measurements to stabilize (if necessary) . 

In general within the schematic diagram of 
Figure 7, all resistors are 1%, i/4 watt, unless 
otherwise noted. The indicated capacitor values are in 
30 microfarads, unless otherwise noted. Preferred 
component types and values are as follows: 



20 



35 



WO 90/00246 



PCT/US89/02639 



- 45 - 



5 



10 



15 



Resistors 


(1%, 


1/4 watt) , 


47 qty: 






R1 10H 


R16 


10K 


R31 


2K AOJ 


R46 


10K 


R61 


10K 


R2 


R17 


5. IK 


R32 




R47 


5K 


R62 


20K ADJ 


R3 


R18 





R33 


10K 


R48 


10K 


R63 


1K 


R4 


R19 


1M 


R34 


270K 


R49 


100K 


R64 


100 


R5 


R20 


30(1U) 


R35 


SOK ADJ 


RSO 


10K 


R65 


10K 


R6 


R21 




R36 


10K 


R51 


10K 






R7 


R22 


— * 


R37 




RS2 


10K 


RP1 


330 


R8 


R23 


20K 


R38 


20K 


R53 


576 


RP2 


10K 


R9 


R24 


120K 


R39 


10K 


R54 


1.74K 






R10 IK 


R25 


120K 


RAO 


100K 


R55 


12.7K 






Rt1 


R26 


20K AOJ 


R41 


20K 


R56 


2K AOJ 






R12 


R27 


100K 


R42 


20K 


R57 








R13 10K 


R28 


270K 


R43 


20K 


R58 








R14 


R29 


SOK AD J 


R44 


1M 


R59 


5K 






R15 10K 


R30 


8.2K 


R45 


1H 


R60 


1K 







20 C3 0.1 



Capacitors (in microfarads) , 14 qty: 

C1&2 20 pF C9 120 pF 



25 C8 2.0 



CIO 



C4 470 pF C11 .47 

C5 20 C12 .0041 

C6 100 C13&15 1.0 

C7 .01 C14 .002 



35 



Diodes, 7 qty: 

D4 fn 34K 



05 

30 06 



08 in 4148 

09 

010 

D7 4v zener 



Transistors, 4 qty: 

01 HPS6515 
Q2 

03 HPS 6523 

40 
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The voltages produced by the two temperature 
sensors are scaled so that each deviation of l'K or C 
temperature output from A/D CONVERTER 3820 is equal 
to -30 mV. The temperature voltages are balanced so 
that a temperature of 250 °K = -23 °C produces a signal 
output of 2.5 v.d.c. Meanwhile, a temperature reading 
of -13 *C produces an equivalent signal output of 2.2 
v.d.c, a temperature of O'C produces a signal output 
of 1.81 v.d.c, and a temperature of 60.3 "C produces a 
signal output of 0 v.d.c. 

The LVDT sensor of the displacement gauge 400 
is also scaled to the A/D CONVERTER 3820, and thus to 
the MICROCONTROLLER 3800. This scaling is accomplished 
under control of the firmware program resident with the 
15 EEPROM 386 and executed by MICROCONTROLLER 3800. The 

scaling of the LVDT of the displacement gauge 400 is 
factory preset to cover a range of -25.6 to +25.5 mils; 
-12.8 to +12.7 mils; or -6.4 to +6.3 mils. The preset 
range to which the LVDT is scaled is obviously a 
20 function of the deviation to be expected in the 

workpieces which are being quantitatively dimensionally 
measured. 

The device in accordance with the present 
invention may be used, for example, for quantitatively 
measuring railroad axles, and for classifying them in 
accordance with their measurements into acceptable, 
refurbishable, and scrap categories. As such, the 
device functions equivalently to a conventional snap 
gauge. However, one advantage of the device in 
accordance with the present invention is that it also 
takes into account temperature, and hence may be used 
to measure axles without requiring that they be brought 
to a known reference temperature. A further advantage 
of the device in accordance with the present invention 
is that it directly indicates whether a measurement is 
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within, or without, a measurement tolerance range, 
simplifying determinations when the device is used by 
unskilled or inattentive personnel, and reducing error. 

In normal use an On/Off button is pushed to 
switch the device on, ' The same On/Off button is pushed 
to turn the device off. Alternatively, the device will 
switch itself off if it is not used to measure anything 
for a time duration longer than approximately one 
minute. 

In normal use, the operator is concerned with 
two main modes of operation. One of these modes is the 
"Reference" mode. In this mode a reference axle is 
measured in order to define the gauge's "zero" point. 
After taking this reference, the gauge reverts to its 
nofrmal, "Measure", mode that is used for measuring test 
axles. 

There are two other modes which are used 
infrequently. A "Parameter Mode" is used to set 
certain limits and constants, such as the ranges for 
Accept/Refurbish/Scrap, and so on. A "Diagnostic Mode" 
is used if it is necessary to test the gauge itself. 

When first switched on, the device in 
accordance with the present invention assumes that it 
will be measuring a workpiece, and compares the 
workpiece measurement to the reference measurement. 
Whenever a reference is measured then that measurement 
is remembered, even if the instrument is subsequently 
switched off. 

The device contains a switch which allows it to 
detect when the temperature measuring foot (the middle 
foot) is properly contacting the axle. If the device 
is not properly engaged then three things happen: The 
"axle engaged" light will not be lit, the numeric 
display reads an uncompensated displacement (which is 
usually not a useful figure) , and the three OK/REFURB/ 
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SCRAP lights will not operate. 

In this case, all that is necessary is to move 
the device into the proper position on the axle with 
slight pressure, and the "TEMP MEASURE" light will 
5 illuminate to confirm proper seating. 

To measure a reference in reference mode the 
device is first positioned on a standard reference 
gauge block so that the "TEMP MEASURE" light comes on. 
The "Ref" key is then pressed. The display will read 
10 "rEF" . When ready, the operator presses the Ref button 
again. The display now alternates between "hold" and 
count showing approximate seconds remaining until the 
device considers the temperature to be stable. 

When the reference measurement is locked in, 
the device automatically reverts to "Measure" mode, and 
will initially indicate 000. o mils +/-0.1. Tnis> of 
course, indicates that the reference gauge block is the 
same size as itself. 

The time required to stabilize is a function of 
a given workpiece, and is empirically determined. As 
will shortly be discussed, this stabilization time can 
be manually entered into the device. 

To measure a workpiece in "Measure" mode the 
device is simply turned on. The device will start in 
25 the "Measure" mode, and will revert to this mode after 

measuring a reference gauge block. In other words, .the 
"Measure" mode might be considered "normal" mode. In 
order to measure a workpiece such as an axle, the 
device is placed on the test axle so that the "TEMP 
30 MEASURE" light comes on. 

The device may indicate the measurement 
immediately, and activate one of the OK/RE FURB/SCRAP 
lights. However, if the axle temperature is 
substantially different from whatever the device was 
previously touching, there will be a short wait while 
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the temperature is measured. During this waiting 
period the display will flash between the present 
reading and a number indicating minimum seconds 
remaining before the temperature reading will be stable 
enough to judge the OK/REFURB/ SCRAP condition. 

If the device is repositioned within a short 
time of a measurement then it will continue to measure 
smoothly. However, if it is removed from the axle for 
a longer period, when it is remounted it will wait to 
ensure that the temperature measurement is stable. 
This "Repeat-Measure-OK" time period is preset to 5 
seconds, but it is one of the adjustable parameters 
which can be changed if desired. 

There are a number of parameters in the device 
that may be set up or adjusted. These are described in 
the list below. The procedure for setting a parameter 
involves two steps; first select the parameter, then 
increase or decrease the value. 

To start set parameters, the following 
procedure is followed. With the device already 
switched on the SET LIMITS key is pressed. The display 
will read "P" followed by a parameter number. this 
number can be increased or decreased to select the 
desired parameter number by using the + and - keys. 
The "SET LIMITS" key is then depressed again to 
actually select the particular parameter that is 
desired to be modified. 

The parameters are shown in Table 1, below. 
The present value of the parameter will be shown. This 
value can be increased or decreased with the "+" and 
"-" keys. To finish setting a parameter, the "SET 
LIMITS" key is pressed. The device returns the P- 
number display, allowing the operator to select another 
parameter by repeating previous steps. To finish 
setting parameters altogether, the "REFERENCE" key is 
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pressed one last time. This returns the device to 
normal "Measure" Mode. 

Table 1. Device Adjustable Parameters 

Parameter U Parameter Meaning 

0 



Haxlnun temp fluctuation allowed in temperature-stable wait period, from 
0.1 *C to 10*C. 



10 t 
2 



"Good" grade maximum positive tolerance, 0.0 to 10 mil. (d UprXol ) 
"Good" grade maximum negative tolerance, -0.0 to -10 mi[. <d LvrXol ) 
15 3 "Refurb" grade maximum positive tolerance, 0.0 to 10 mil. Cd^^) 

"Refurb" grade maximum negative tolerance, -0.0 to -10 mil. <d LvrRjEfa ) 



3 



5 Low battery trigger point (this is in A/0 counts). 



6 iKVlw)* 1 ™ COeffic, * ent <fn m, ' ts of °- 1 micro-inch/'C, range 

7 to^OH^ 0 ^ 6 C0€fMcient (fn m,t » of °- 1 ™cro-inch/*C, range 512 

8 Hinirnum wait for temperature steblization, in seconds, 2 corresponds to 
1 second, 3 is 2 seconds, and so on. 

9 Displacement sensor range, 

0 means -25.6 to +25.5 mil 

1 means -12.6 to +12.7 mil 

2 means -6.4 to +6.3 mil. 

35 I h h I^nL™ f ?"?:r..^ tB,ent SfnCe ft ■ corresponding change of 



10 



11 



the internal circuitry 

^! i »!! / ! te r' C r ! ad ° Ut - ? raeanS English (mits >' 1 means -etric 0m,). 
L^rM f .1* Ch ?" 9es ,. 0nl y. the re8d »«. The parameters must still be 
entered in the units shown in this table. The "Measure Mode" the 
present units are indicated by the position of the decimal point. 

Repeet-Measure-OK timer period. (Factory set to 5 sees) 



A function is included to reset all parameters 
45 to "factory" values. This function is useful if the 

parameters get to a disorderly state as a result of too 
much manipulation. It may then be easier to reset the 
parameters to the "factory" presets, rather than adjust 
them all individually. To do this, the "SET LIMITS" 
key is held down while the device is turned on. 

Under rare circumstances the device may forget 
its settings, if this happens when the device is 
powered-on then the display will read "Err". The 
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device must be turned off and switched on again while 
holding down the "SET LIMITS" key at the same time. 
This will reset the parameters to the factory values. 
It is necessary to then reset any parameters which are 
desired to be set to other than factory values (see the 
Parameter-Setting procedure) . 

The device also supports a number of diagnostic 
functions. These functions are handy for verifying 
that independent parts of the device are working. To 
enter "Diagnostic" mode the following procedure is 
followed. The device is turned off. The "REFERENCE" 
key is held down. The "On" key. is then pressed and 
released. The "REFERENCE" key is continually held 
until the display reads "Sel". The "+" or "-" keys are 
then depressed to advance to the code of interest. The 
possible choices are shown in the following Table 2. 



Table 2. Diagnostic Modes 
Displacement Display Reads 

20 Axle temp AXLe AHLE 

Handle temp hAnd 
Battery hA tt 
Displacement dISP 



30 



25 when the desired function is reached then the "SET 
LIMITS" key is pushed. 

The Axle (workpiece) and Handle (device) 
temperature diagnostic mode shows a readout in degrees 
C. In fact, the indicated temperature is only accurate 
to about 3 to 5 degrees, although' the changes in 
temperature (which is what the device is interested in) 
are registered to about +/-.2 degrees. 

The displacement diagnostic mode shows the raw 
dimensional measurement from the displacement sensor. 
This is actually identical to the readout when the 
"TEMP MEASURE" light is not on. 
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The Battery diagnostic mode shows the raw A/D 
count for the battery voltage. 

To quit the diagnostics the device is turned 
off, and started again. 

Considering the overall operation of the device 
in accordance with the present invention in 
mathematical terms, the reference dimension is variably 
predetermined to be by placing the instrument on a 
dimensional standard. An upper tolerance limit above 
Djief, or d 0ptIol , and a lower tolerance limit below D Ref , or 
d L vrioi, are manually specified. An actual dimensional 
measurement D Actual of workpiece is within tolerance if: 

d r«£ - d Lwttol s D Aetual £ D Ref + d„ prTol 
Represented on a scale line, this relationship 



is 



out-of-tolerance 1 in-toUrance [ ^-tolerance | out of tolerance 

°R«£ • «Wol <W 0 Ref ♦ d UprTol 

when the in-tolerance region is diagrammatically 
represented in double line. 

Furthermore, a refurbishment, or repair, 
tolerance is preferably also manually specifiable. 
Both a lower refurbishment tolerance, d 0prRfb , and an 
upper refurbishment tolerance, d 0prR£b , are preferably 
individually specifiable. The refurbishment tolerances 
are broader than the regular, acceptance tolerances, 
i.e. : ' 



35. 



^LwrRfb ^ ^LwrTol 
d UprR£b ^ ^UprToi 



An actual dimensional measurement D Actual of a workpiece 
is within refurbishment range if: 
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Dr«£ " ^LwrRfb ^ ^Actual < ^Ref * ^LwrTol 



or 



°Ref + duprToX < ^Actual * &R e f + d. 



UprRib 



Represented as a scale line, this relationship 
is as follows: 



scrap I -refurb | in-tolerance | in-tolerance | refurb | scrap 
ORef^LvrRfb <> Ref * d L vrTol W D R e f +d UprIol D Ref + d Up rRef 



when the refurbishment regions are diagrammatical ly 
represented in double line. 

In accordance with the present invention, the 
15 dimensional measurements D Rcf and D Actual are each 
temperature compensated. In mathematical terms: 
»Ref = G 5td + (T Rcf - T std ) x X std 

(^Ref - T CStd ) X X Cage 

where the expressions have the same meaning as before 
with T Re£ being the predetermined reference temperature, 
for example 59 °, and X Scd being the amount of expansion 
per degree of the material of the gauge block standard. 
It may thusly be noted that the reference dimension, 
D Re£ , to which the actual dimension, D Actual , will be 
25 compared is itself temperature-compensated. 

Accordingly, it is not necessary to calibrate the 
device of the present invention to a gauge block 
reference standard that is at a predetermined reference 
temperature, but only to such a gauge block reference 
30 standard at any convenient temperature. 

Similarly, the workpiece dimensional 
measurement is expressed as: 

^Actual = G Wkpc + (T Std - T^J x X gkpc 
" (^cstd T GWkpc ) x X Gage 
35 where the terms have the same meaning as before. 

In accordance with the preceding discussion, it 
should be recognized that many alterations and 
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15 



adaptations of the temperature-compensated measuring 
devices in accordance with the present invention are 
possible, if dimensional sensitivity of the workpiece 
to variations in temperature is not particularly acute, 
and/or is accommodated by other means than temperature 
compensation of dimensional measurements, then it would 
be possible to operate the device in accordance with 
the present invention to compensate only for its own 
frame (or base) temperature. Conversely, if the 
temperature-compensated dimensional measuring devices 
in accordance with the present invention are 
dimensionally so small that their own dimensional 
variations with temperature are inconsequential, and/or 
are made out of materials that are highly dimensionally 
stable with temperature variation, and/or are always 
operated at an identical temperature, then these 
devices could be used to compensate only for the 
temperature of the workpiece and not additionally, as 
is preferable, for the temperature measurement of the 
20 devices themselves. 

As well as the possibility of using the devices 
of the present invention by parts in a reduction of 
their preferred capacity, it is obviously possible, 
once a flexible computational computer is employed, to 
extend to still other factors the temperature 
compensation that is employed in accordance with the 
principles of the present invention. Particularly, 
compensation for variations with temperature might'be 
employed for more than just the frame (or base), u, 31 
and the workpieces 100, 101. This additional 
compensation might relate to second order effects, or 
to the non linearities within the temperature-measuring 
devices themselves. The computers might be employed 
not merely to perform calculations as besuit 
substantially linear coefficients of expansion, but to 
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match indicated temperatures and dimensional 
measurements against predetermined mappings in order to 
calculate a best fit of observed conditions to prior 
data in order to determine true dimensions. 
5 The present invention is also suitable for 

incorporation within a closed loop control system 
during machining or other processing operations wherein 
processing operations are controlled in consideration 
of workpiece dimension, machine head position, or like 

10 dimensional measurements, it will be understood that 
the compensation performed by the present invention is, 
under computer control, substantially continuous. The 
continuous compensation can account for continuing 
variations in any of the dimension or the temperature 

15 of the workpiece, or the temperature of the measuring 
device. 

This suitable expansion of the present 
invention deserves careful deliberation. For example, 
when a workpiece is being turned on a lathe the heat 
generated in the turning process flows in both 
directions from the cutting tool. The heat which goes 
toward the already formed part is of no consequence 
(other than it may act as a thermal barrier to the heat 
being generated by the cutting tip) . The heat 
25 contained within the removed shavings is likewise of no 
consequence. The heat transferred toward the uncut 
section is of concern because it is expanding the part 
dimensionally. The cutting tip typically moves 
parallel to the centerline of the machine. Because of 
its thermal expansion the part is cut on a taper which 
is more pronounced the closer to the end of the cut. 
The reason for this is because the transfer of heat 
from the metal to the air at the end of the part is 
significantly slower than internal heat transfer in the 
35 metal. If the sensing and compensation in accordance 
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with the present invention are used to move the cutting 
tool so as to compensate for the heat changes in the 
material being formed then the end product may be made 
significantly more dimensionally accurate, in many 
cases this increase in accuracy would eliminate any 
requirement (s) for secondary processing. Therefore the 
expansion of the present invention into active process 
control systems is contemplated. 

In sensing the dimension or temperature of the 
workpiece it should be understood that such sensing 
need not be by direct physical contact. Even if the 
dimension of a workpiece were to be measured relative 
to a frame by a non-contact method such as reflected 
light, then the temperature variations of the workpiece 
15 could still be pertinent to the determination of the 
workpiece true dimension. The temperature of a 
workpiece may be determined by sensing the infrared 
radiation emissions therefrom, and need not exclusively 
be determined by physical contact with the workpiece. 

In consideration of these and other possible 
adaptations and modifications of the present invention, 
the present invention should be interpreted in 
accordance with the scope of the following claims, 
only, and not solely in accordance with those preferred 
embodiments within which the invention has been taught. 
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CLAIMS 

1. A workpiece-temperature-compensated 
quantitative dimensional measuring device comprising: 

gage means for quantitatively measuring a 
quantitative dimension of an arbitrarily-sized 
workpiece; 

first thermal sensing means, held by the 
gage means in thermal communication with the workpiece, 
for measuring a first temperature of T Wkpc of the 
workpiece; and 

computational means for receiving the 
quantitative dimension measurement G Hkpc from the gage 
means and the first temperature measurement T Wkpc from 
the first thermal sensing means and for producing, in 
consideration of a predetermined first dimensional 
sensitivity X wkpc of the workpiece to temperature 
variations about a first predetermined reference 
temperature T Std , that temperature-normalized 
quantitative dimension G wkpc + (T Std - T^J x X Wkpc that 
the workpiece would measure to and by the selfsame gage 
means upon such times as the workpiece was to be at the 
first predetermined reference temperature T Std . 

2. The workpiece-temperature-compensated 
quantitative dimensional measuring device according to 
claim 1 further adopted for compensating for its own 
dimensional self -variation with temperature, the 
workpiece- and self -temperature compensated dimensional 
measuring device according to claim 1 further 
comprising: 

second thermal sensing means in thermal 
communication with the gage means for measuring a 
second temperature T Gwkpc of the gage means; and 

wherein the computational means is further 
for receiving the second temperature measurement T CWk 
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from the second thermal sensing means and for 
producing, in further consideration of a predetermined 
second dimensional sensitivity X Cagc of the gage means to 
variations in its temperature about the a second 
5 predetermined reference temperature T CStd/ that 

temperature-normalized quantitative dimension G Hkpc -f 
( T std~ T wkpc) x Xjfcpc - (T CStd -T GWkpc ) x that the workpiece 
would measure to and by the selfsame gage means upon 
such times as both the workpiece was to be at the first 
10 predetermined reference temperature T Std and the gage 
means were was to be at the second predetermined, 
reference, temperature T GStd . 

3. The workpiece- and self -temperature 
compensated dimensional measuring device according to 

15 claim 2 wherein the second thermal sensing means 
comprises: 

a semiconductor temperature sensor mounted 
to the gauge means. 

4 . The workpiece-temperature-compensated 
20 dimensional measuring device according to claim l 

wherein the gauge means comprises: 

a three point snap gauge having two fixed 
shoes and moveable measuring shoe. 

5. The workpiece-temperature-compensated 
25 dimensional measuring device according to claim 4 

wherein a one of the shoes of the snap gauge holds the 
first thermal sensing means in thermal communication 
with the workpiece. 

6. The workpiece-temperature-compensated 
30 dimensional measuring device according to claim 4 

wherein the three point snap gauge is thermally 
insulated from a human hand by which it is held during 
use to measure a workpiece. 

7 . The workpiece-temperature-compensated 
3.5 dimensional measuring device according to claim l 
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wherein the dimensional measuring means comprises; 

a three point rocker gauge emplaceable 
within a workpiece 's bore for sensing the dimensions 
thereof. 

5 8, The workpiece-temperature-compensated 

dimensional measuring device according to claim 7 
wherein the three point rocker gauge holds the first 
thermal sensing means in thermal communication with the 
interior wall of the workpiece 's bore, 
10 9. The workpiece-temperature-compensated 

dimensional measuring device according to claim i 
wherein the first thermal sensing means comprises: 
a thermistor. 

10 . The workpiece-temperature-compensated 
15 dimensional measuring device according to claim 1 

wherein the first thermal sensing means comprises: 

a thermistor mounted to the gauge means in 
a positioh whereat it must be held in thermal 
communication with the workpiece upon such times as the 
20 dimensional measuring means is measuring the dimension 
of the workpiece, and is not merely incidentially held 
in thermal communication with the workpiece by the 
gauge means. 

11. The workpiece-temperature-compensated 
25 dimensional measuring device according to claim 10 

wherein the first thermal sensing means further 
comprises: 

a thermal insulating layer between the 
thermistor and the gauge means for reducing heat 
30 transfer between (i) the thermally communicating 

thermistor and workpiece and (ii) the gauge means. 

12 . The workpiece-temperature-compensated 
dimensional measuring device according to claim 10 
wherein the first thermal sensing means further 

35 comprises: 
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a thermally conductive pad enhancing the 
thermal communication of the thermistor with the 
workpiece. 

13 . The workpiece-temperature-compensated 
5 dimensional mieasuring device according to claim 12 

wherein the thermally conductive pad comprises : 
metal. 

14 . The workpiece-temperature-compensated 
dimensional measuring device according to claim 13 

10 wherein the metal comprises: 

silver. 

. 15. The workpiece-temperature-compensated 
dimensional measuring device according to claim 1 
wherein the computational means comprises: 
i5 a digital computer. 

16 . The workpiece-temperature-compensated 
dimensional measuring device according to claim 1 
further comprising: 

display means for displaying the 
20 temperature-normalized dimension of the workpiece. 

17. A measuring instrument for indicating the 
in-tolerance/out-of-tolerance condition of a 
measurement made on a workpiece, the instrument 
comprising: 

25 gauge means for measuring the dimension of 

a workpiece; 

comparison means, receiving the measured 
dimension from the gauge means, for comparing the 
measured dimension to a predetermined dimensional 
3 0 tolerance range about a predetermined reference 
dimension; 

indicator means, responsive to the 
comparing of the comparison means, for indicating that, 
by results of the comparing, the measured dimension is 
35 either within or without the dimensional tolerance 
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range. 

18. The instrument according to claim 17 
further comprising: 

range initialization means, communicating 
with the comparison means, for variably predetermining 
the dimensional tolerance range. 

19. The instrument according to claim 18 
wherein the initialization means is manually actuable 
for variably predetermining the dimensional tolerance 
range. 

20. The instrument according to claim 18 
wherein the initialization means is for separately 
variably predetermining both upper and lower limits of 
the dimensional tolerance range. 

21. The instrument according to claim 20 
wherein the initialization means is manually actuable 
for its separate variable predetermination of both 
upper and lower limits of the dimensional tolerance 
range. 

22. The instrument according to claim 17 
further comprising: 

reference dimension initialization means, 
communicating with the comparison means, for variably 
predetermining the reference dimension. 

23. The instrument according to claim 22 
wherein the reference dimension initialization means 
operates to set the reference dimension to the 
dimension of a gauge block standard while the gauge 
means is measuring the standard. 

24. The instrument according to claim 17 
further comprising: 

thermal sensing means, held by the gauge 
means in thermal communication with the workpiece, for 
measuring a temperature of the workpiece; and 



wherein the comparison means further 
receives the temperature measurement from the thermal 
sensing means and is further for producing, in 
consideration of a predetermined first dimensional 
sensitivity of the workpiece to temperature variations 
about a predetermined reference temperature, a 
temperature-normalized dimension that the workpiece 
would measure to and by the selfsame gauges upon such 
times as the workpiece was to be at the predetermined 
reference temperature, this temperature-normalized 
dimension being the measured dimension that is compared 
to the predetermined dimensional range. 

25. The instrument according to claim 24 
further comprising: 

contact switch means, affixed to the 
thermal sensing means in its position held by the gauge 
means , for signalling when the thermal sensing means is 
in good thermal contact with the workpiece; and 

indication disablement means, receiving 
the contact signal from the contact switch means, for 
disabling the indicating of the indicator means save 
during the presence of the contact signal. 

26. The instrument according to claim 17 
further comprising: 

thermal sensing means in thermal 
communication with the gauge means for measuring a 
temperature of the gauge means; and 

wherein the comparison means is further 
for receiving the temperature measurement from the 
thermal sensing means and is further for producing, in 
further consideration of a predetermined dimensional 
sensitivity of the gauge means to variations in 
temperature about the predetermined reference 
temperature, that temperature-normalized dimension that 
the workpiece would measure to and by the selfsame 
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gauge means upon such times as the gauge means was to 
be at the predetermined, reference, temperature, this 
temperature-normalized dimension being the measured 
dimension that is compared to the predetermined 
5 dimensional range. 

27. The instrument according to claim 17 

wherein the comparison means are further 
for determining, upon such times as the measured 
dimension is determined to be without the predetermined 
10 dimensional tolerance range, whether the measured 
dimension is such that the workpiece is either (i) 
repairable so as to potentially be within the 
dimensional range, or (ii) unrepairable and subject to 
scrappage; and 

15 wherein the indicator means are further 

responsive to the comparing for indicating that, by 
results of the comparing, the workpiece dimension is 
without the range of dimensions and, further, either 
(i) repairable so as to potentially be within the 

20 predetermined dimensional tolerance range or (ii) 
unrepairable and subject to scrappage. 
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